Abstract
Introduction

Cardiogenesis is partly dependent on a proper development of the epicardium. The epicardium originates from the pro-epicardial organ (PEO), from which epicardial cells migrate and cover the primitive heart tube during embryogenesis. Part of these epicardial cells undergo epithelial-to-mesenchymal transformation (EMT), thereby forming epicardium-derived cells (EPDCs). As a result of EMT, cell-cell and cell-matrix interactions change, allowing
EPDCs to migrate into the subepicardium and subsequently into the myocardium [1, 2] . In the myocardium, EPDCs initially differentiate into interstitial fibroblasts [3] and a later population forms smooth muscle cells and adventitial fibroblasts of the coronary vasculature [4, 5] 
. Besides this cellular contribution to heart development, EPDCs also have a regulatory role in cardiogenesis by interacting with surrounding structures. Although the mechanisms underlying this regulatory process are largely unknown, it is likely that cell-cell communication is of great importance.
Moreover, several studies demonstrated a crucial role for EPDCs in growth of the compact myocardium and the organization of the myocardial architecture [1, 6, 7] . Loss of proper EPDC-function results in a thin hypoplastic myocardium [8, 9] . Also, an inductive role for EPDCs in the development of the avian Purkinje fibre network of the ventricular conduction system has been reported [3, 10] . However, the aforementioned roles of EPDCs do not seem to be restricted to embryonic development, as adult rat epicardial cells delayed the dedifferentiation of rat ventricular cardiomyocytes (CMCs) in vitro [11] . In addition, Van Tuyn et al. demonstrated that human adult EPDCs can undergo EMT spontaneously and obtain characteristics of smooth muscle cells in vitro [12] . Interestingly, recent in vivo studies suggest that adult EPDCs can reactivate their embryonic program [13] [14] [15] . In more detail, induced hyperplastic cardiac growth in adult zebrafish was associated with epicardial expression of embryonic markers such as raldh2 and tbx18. Also, epicardial cells proliferated to expand the epithelial covering of the ventricles, suggesting that adult epicardium is a dynamic tissue still able to contribute EPDCs to the adult ventricular wall [14] [15] [16] . Furthermore, a recent study demonstrated that human adult EPDCs injected into the infarcted myocardium, preserved cardiac function and reduced remodeling both early and late after the onset of infarction [13, 17] [20] to study the conductivity of human adult epicardial cells, before and after EMT, by culturing them in-between two fields of CMCs. 
Materials and methods
Animal experiments and human specimens
Isolation and culturing of cardiomyocytes
CMCs were dissociated from hearts of 2-day-old male Wistar rats of which the ventricles were minced and dissociated with collagenase and DNase, as described previously [20] .
Harvesting and preparation of human epicardium-derived cells
Cultures of human epicardial cells were prepared as described previously [12] . When Fig. S1A and B) .
Immunofluorescence microscopy
cEPDCs and sEPDCs were cultured on glass chamber-slides and subjected to immunofluorescent staining as described previously [20] 
Micro-electrode arrays
To study the functional effect of EMT on electrical conduction across epicardial cells we used a standardized in vitro model, described in our previous studies [21, 22] [20, 21] . Fig. S1C and D) . To evaluate whether EMT may have an effect on their conductivity of epicardial cells, we first analysed their capacity to couple. Therefore, the two types of EPDCs were analysed by immunofluorescence microscopy using antibodies recognizing specific connexins ( Fig. 1) and ion channels (Fig. 2) antibodies. EMT induced changes in cellular morphology were confirmed using immunofluorescent staining for ␤-catenin (Fig. 1A1 and A2 ) and vimentin ( Fig. 2A1 and A2 ). cEPDCs displayed a marked membrane expression of ␤-catenin, especially at sites of cell-cell contact, confirming their epithelial nature (Fig. 1A1 ). After EMT, the level of ␤-catenin was reduced and in the sEPDCs the protein was down-regulated in the cytoplasm in sEPDCs (Fig. 1A2) . Cx40 (Fig. 1B1 and B2 ) and Cx45 ( Fig. 1D1 and D2) were weakly expressed in the cytoplasm of both cEPDCs and sEPDCs, whereas some of some Cx45 staining was also present in the nucleus (Fig. 1D1 and D2) . Analysis of mRNA expression confirmed that both Cx40 and Cx45 were present before and after EMT (Fig. 3) . The quantification of Cx40 mRNA expression showed a 3.1 times higher expression in sEPDCs as in cEPDcs (P Ͻ 0.05) (Fig. 3A) . The mRNA expression of Cx45 was not significantly affected by EMT as the Cx45/␤-actin ratio was almost equal in cEPDCs and sEPDCs (Fig. 3C and F) . Cx43 was present in the cytoplasm of cEPDCs and between adjacent cEPDCs. The punctuated pattern of the staining reflected the presence of gap junctions (Fig. 1C1) . Cx43 levels were reduced in the cytoplasm of sEPDCs and between adjacent sEPDCs (Fig. 1C2) (Fig. 3B) .
Semiquantitative RT-PCR
WT1 X X X X ␤-catenin X X Connexin40 X X Connexin43 X X Connexin45 X X Vimentin X X Kir2.1 X X SCN5a X X CACNA1C X X PCR GAPDH X X Connexin40 X X Connexin43 X X Connexin45 X X Kir2.1 X X SCN5a X X CACNA1C X X MEA 250-270 m X X X X 350-370 m X X X XCACNA1C (A-20) SC - - - Goat Cx40 (C-20) SC - - - Goat Cx43 (C-363-382) SC - - - Rabbit Cx45 (C-19) SC - - - Goat Kir2.1 (N-18) SC - - - Goat SCN5a (C-20) SC - - - Goat Vimentin SA V9 IgG1 Cy3 Mouse Goat IgG MP - - Alexa
Results
Immunofluoresence microscopy
The organization of the intermediate cytoskeleton filaments, stained with vimentin, was a reference to delineate the morphology of spindle-shaped cells. In cEPDCs, the intermediate filaments are tightly packed reflecting their epithelial nature (Fig. 2A1). After EMT, in the sEPDCs the intermediate filaments are more visible (Fig. 2A2) compared to cEPDCs, as was confirmed by a more marked vimentin expression.
Staining for the inward rectifier potassium channel (Kir2.1) revealed presence of this channel in the cytoplasm of cEPDCs, although the expression intensity was rather heterogeneous among cells (Fig. 2B1) . Protein expression levels of Kir2.1 was almost absent in sEPDCs compared to cEPDCs (Fig. 2B1 and B2) . Analysis of Kir2.1 mRNA expression showed no expression in both cEPDCs and sEPDCs after 35 cycles (Fig. 3F) 
. Expression of SCN5a, encoding the voltage-gated fast sodium channel, was present in both cEPDCs and sEPDCs, however, in cEPDCs the expression of SCN5a was higher and the distribution pattern was more distinct © 2011 The Authors Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 1 Epithelium-to-mesenchymal transformation is accompanied by a decrease in ␤-catenin and connexins expression levels. Immunofluorescence microscopy of cEPDCs (before EMT) and sEPDCs (after EMT) labelled with antibodies directed against ␤-catenin (A), Cx40 (B), Cx43 (C) and Cx45 (D). The expression of ␤-catenin is strongly expressed at the cell borders of cEPDCs. Expression of ␤-catenin is downregulated in the cytoplasm of sEPDCs. Scale bar, 20 m.
compared to that in sEPDCs (Fig. 2C2) . PCR analysis showed that the expression of SCN5a was reduced in sEPDCs by 30 .2% compared to cEPDCs (Fig. 3D and F) , although not significantly. Fig. 3E and F) .
Low amounts of voltage-dependent L-type calcium channels (CACNA1C) were present in the cytoplasm of cEPDCs and sEPDCs, although the expression was higher in cEPDCs, which was confirmed on the mRNA level (42.3%, P Ͻ 0.05) (
Electrical conduction across EPDCs before and after EMT
To study the effect of EMT on electrical properties of epicardial cells, we examined their conduction properties, both before and after EMT, using multi-electrode arrays. Fig. 4A and B) (Fig. 4A and B (Fig. 4A and B) . (Fig. 4A and B) .
Fig. 2 Immunofluorescent staining of ion channels in epicardial cells before EMT (cEPDCs) and after EMT (sEPDCs). Immunofluorescence analysis of Kir2.1 (B), SCN5a (C) and CACNA1C (D) in EPDCs before and after EMT. Expression of ion channels was reduced by EMT. Vimentin was used to determine cell morphology of sEPDCs (A). Scale bar, 20 m.
Fig. 3 Semiquantitiative reverse transcriptase polymerase chain reaction (RT-PCR) analysis of connexins and ion channels in EPDCs before and after EMT. mRNA levels of Cx40 (A, F), Cx43 (B, F), Cx45 (C, F) and ionchannels Kir2.1 (F), SCN5a (D, F) and CACNA1C (E, F) were quantified. Equal amounts of input cDNA were used as indicated by ␤-actin (F). C: cEPDCs; S: sEPDCs.
Multi-electrode recordings of electrical conduction across cEPDCs and adjacent CMC fields showed persistent electrical interaction between the two CMC fields. Electrograms recorded from the site of cEPDCs showed their ability to conduct electrical impulses over a 270-m-wide channel (n ϭ 8), resulting in electrical activation of the distal CMC field. Further analysis of electrogram characteristics confirmed a substantial conduction delay between the two CMC fields, caused by relatively slow conduction across these cEPDCs (4.2 Ϯ 0.9 cm/sec) (
Interestingly, transplantation of sEPDCs did not result in electrical interaction between the two adjacent CMC fields. In fact, these sEPDCs (n ϭ 7) now imposed a cellular conduction block, thereby prohibiting electrical impulse conduction from one CMC field to the other. Follow-up at 48 hrs did not show any significant differences as compared to conduction velocities across cells measured 24 hrs after transplantation
Discussion
To the best of our knowledge, this is the first study describing the electrical behavior of human adult epicardial cells before and after EMT. The key findings of this study are: (1) Adult epicardial cells are able to connect to functionally active CMCs and to conduct electrical impulses over significant distances, although this is characterized by slow and decremental conduction. (2) EMT in adult epicardial cells is associated with a decrease in conduction velocity, consistent with a decrease in connexin and ion channels expression levels.
Role of EPDCs in conductivity
During embryogenesis, in the splanchnopleuric mesoderm two crescent-shaped heartforming fields develop [1, 23, 24] . The second heart field, which is also positioned in this splanchnopleuric mesoderm, can be divided into two fields related to the cranio-caudal axis of the primary heart tube. From this second heart field, cells are added to both the outflow [anterior heart field (AHF)] and inflow [posterior heart field (PHF)] of the heart [25] . The PHF contributes to the development of the cardiac conduction system [26] , and the epicardium that covers the heart develops also from the PHF [1, 9] . 
No significant differences were found during follow-up at 48 hrs (A). Extracellular electrograms derived from cocultures of labelled EPDCs and neonatal rat cardiomyocytes, 24 hrs (light grey) and 48 hrs (dark grey) after plating (B). These electrograms clearly show the decremental nature of conduction across EPDCs, regardless of EMT. However, as conduction across these EPDCs depends on electrotonic interaction, the decrease in connexin levels that occurs in these cells during EMT is expected to result in conduction block over a certain distance (B).
# P Ͻ 
Role of epithelial-to-mesenchymal transformation in conductivity
EMT is a critical process in the development of the heart. Not only for the development of cardiac structures, like the cardiac valves [31] , but it is also needed for the development of gap junctions [32, 33] . [38] . The weak expression of Cx45, which is not affected by EMT, is because of the fact that Cx45 is predominantly detected during early cardiac development [39] , and in the His bundle and peripheral Purkinje fibres [40] .
Little [41] . In atrial myocyte cultures intracellular measurements show that transforming growth factor beta1 (TGF-␤1), which is also an EMT stimulator of epicardial cells [42] , decreases cardiac muscle L-type Ca 2ϩ channels [43] . TGF-␤1 also decreases epithelial sodium channel functionality and thereby decreases the electrical current in renal collecting ducts [44] . 
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